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Abstract 
The influence of a monotonic predeformation at room temperature on the very high cycle fatigue (VHCF) behaviour was studied 
on polycrystalline nickel-based superalloys (Nimonic 75 and Nimonic 80A) in three characteristic precipitation (precipitation-
free, peak-aged and overaged) and different predeformation conditions. Isothermal fatigue tests were executed at temperatures up 
WR&:LWKLQFUHDVLQJLQWHUPHGLDWHWHPSHUDWXUH&-&WKHHIIHFWRISUHGHIRUPDWLRQEHFRPHVZHDNHUZKLFKPLJKW
partially be explained by the beginning of a recovery of the dislocation arrangement as well as attributed to effects not related to 
the strain hardened microstructure, such as the formation of oxide layers and the materials notch sensitivity for the testing 
conditions used given pronounced surface roughening due to the prestraining. Isothermal cyclic deformation at &UHYHDOHGD
pronounced decrease of cyclic lifetime for all precipitation conditions with or without a mechanical prehistory. Transmission 
electron microscopy was carried out in order to characterize the influence of the microstructure, the resulting dislocation slip 
behaviour and the relevant dislocation/particle interaction mechanism on the VHCF behaviour.
 
Keywords: Nickel-base alloy; very high cycle fatigue (VHCF); prestrain-history; predeformation; dislocation slip behaviour; high temperature 
fatigue 
1. Introduction 
The understanding of damage mechanisms in the very high cycle fatigue (VHCF) regime has been the subject of 
numerous research programs in recent years as a result of the demands for higher cyclic lifetimes and the new 
testing possibilities by means of high-frequency testing machines. For instance, many components in the aircraft, 
automotive and railway industry are exposed beyond 107 cycles to applied loads well below the conventional fatigue 
limit [1]. Even for component parts in turbines and engines a save life at very high number of cycles is required. 
Nickel-based superalloys have been established as major engineering materials for high-temperature applications 
[2, 3] and are widely used for aircraft engines. Among the family of nickel-based superalloys, the polycrystalline 
wrought alloys Nimonic 75 and Nimonic 80A were selected for this study in the VHCF regime. The solid-solution 
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hardened Nimonic 75 is a single-phase ( -phase) alloy, in contrast to the microstructure of Nimonic 80A, which 
consists of a  matrix phase and a coherent precipitated ¶SKDVHBoth phases ( and ¶DUHIDFH-centered cubic (fcc) 
whereas the ¶Shase has an ordered L12 type of crystal structure with chemical composition of Ni3(AlTi) [4]. The 
¶-phase is responsible for the excellent strength properties of nickel-based superalloys at high temperatures. For 
instance, due to the precipitation hardening effect of the ¶-phase in Nimonic 80A the service temperature could be 
increased from 62&1LPRQLF 75 [5]) to 780&1LPRQLF$>2]) for 1000 h creep life at 137 MPa. Nevertheless, 
the matrix of both Ni-Cr alloys is very similar and so Nimonic 75 represents the precipitation-free condition of 
Nimonic 80A. The effect of a predeformation is of high technical significance in industrial applications because 
almost all engineering materials undergo a mechanical pre-treatment during processing (i.e. forming) or are 
accordingly treated to optimise the mechanical properties. It has been shown that the effect of a monotonic 
prestraining at room temperature (RT) on the isothermal high-temperature fatigue behaviour of Nimonic 105 and 
Nimonic 75 increases with decreasing temperatures, decreasing plastic strain amplitudes and increasing particle 
hardening in the LCF regime [6]. In general, it is of common consensus that materials showing planar slip 
dislocation movement such as -brass [7, 8] and the investigated nickel-based superalloys are strongly affected by a 
predeformation.  
In the VHCF regime (N > 107 cycles) specimens are subjected - from a macroscopic point of view - to a purely 
elastic strain. Fatigue life is dominated by the crack initiation phase rather than the crack growth period [9] and 
therefore a strong influence of the microstructure on damage evolution must be expected, i.e. local stress raisers 
such as micro-notches or the dislocation precipitation interaction gains importance. Earlier studies [10-13] by the 
authors examined the influence of size and distribution of ¶ SUHFLSLWDWHV in three precipitation conditions 
(precipitation-free (pf-)condition (Nimonic 75), peak-aged (pa-) and overaged (oa-)condition of Nimonic 80A) on 
the fatigue behaviour in the VHCF regime at RT with and without a monotonic predeformation. In contrast to the 
static strength and the fatigue behaviour in the LCF region the overaged condition shows a 30-40 MPa higher 
applied stress amplitude in the VHCF regime at RT for predeformed and non-predeformed specimens compared to 
the pa-condition. That can be explained by a more homogeneous slip behaviour and a lesser notch sensitivity for the 
overaged condition of Nimonic 80A [13]. Furthermore, for isothermal VHCF tests at elevated temperatures up to 
&without prestraining the fatigue results lie in the range of the scatter band of RT results for Nimonic 80A (pa 
and oa) [14-15] ZKHUHDVDW&DSURQRXQFHGGHFUHDVHLQOLIHWLPHDWFRPSDUDEOHVWUHVVDPSOLWXGHVZDVREVHUYHG.  
The present investigation is a continuation of the earlier studies. Here, the influence of a monotonic tensile 
prestrain at RT up to tot = 8% for the different precipitation conditions (pa, oa and pf) was examined by subsequent 
VHCF tests at elevated temperatures & & DQG &). Detailed transmission electron microscopy 
investigations were carried out to determine the influence of the microstructure, the resulting dislocation slip 
behaviour (dislocation arrangements) and the relevant dislocation/particle interaction mechanism during VHCF tests 
at elevated temperatures on prestrained specimens and to compare these results with earlier studies.  
2. Material and experimental details 
The chemical composition and heat treatment of the alloys studied is reported in [10]. The single-phase alloy 
Nimonic 75 represents the behaviour of the  matrix of Nimonic 80A almost accurately except for the iron 
concentration. Monotonic tensile testing was performed at the different test temperatures on specimens with a 
diameter of 6 mm on a servohydraulic testing system applying induction heating. As expected the peak-aged 
condition was found to exhibit the highest strength and the lowest ductility for all test temperatures. Table 1 gives an 
overview of the obtained quasi-static tensile test results.  
Even for the ¶ hardened nickel-based alloy, prestraining ( tot = 4% and 8%) led to a pronounced increase of the 
yield strength and a decrease of ductility. The values of the true yield strength after 8% prestraining are listed in 
[12]. Besides the changes in the quasi-static mechanical properties a surface roughening appears in the form of slip 
markings due to prestraining. This change in the surface condition is an important factor because of the probable 
influence of the materials micro-notch sensitivity and its subsequent fatigue behaviour in the VHCF regime. Prior to 
prestraining the fatigue specimens were electro-chemically polished to minimize the initial surface roughening and 
surface residual stresses from machining. 
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Table 1. Tensile test data at room temperature and elevated temperatures for Nimonic 80A (pa and oa) and Nimonic 75 (pf) 

































RT 226 976 1312 26 31 226 537 1053 34 44 211 302 687 48 68 
& 196 853 1164 27 31 199 466 988 28 31 181 249 672 44 57 
& 176 810 1089 17 22 166 423 916 22 25 169 231 577 38 51 
& 149 633 676 8 16 149 376 492 14 31 139 221 253 47 98 
 
 
The peak-aged condition showed a mean ¶ GLDPHWHU RI -20 nm and corresponds to maximum hardness 
(362 HV 30) at room temperature [13]. The particles are spherically shaped and randomly distributed. No noticeable 
hardness reduction was observed after 300 h annealing time at 710 &even though the ¶SDUWLFOHVL]HLQFUHDVHd up 
to 35-40 nm. The overaged condition is characterised by a strong hardness reduction of ca. 100 HV 30 (resulting in 
261 HV30) compared to the pa-condition. The results of the hardness measurements and the related ¶SDUWLFOHVL]H
from the overaged treatment documented in [15, 16] demonstrate that precipitates grow according to the relationship 
of volume diffusion-controlled Ostwald ripening. It is noticeable that the ¶SDUWLFOHVFKDQJHGLQWRDFXERLGDOVKDSH
DQGDQDOPRVWOLQHDUDOLJQPHQWDORQJWKH³VRIW´>@GLUHFWLRQVUHDFKLQJSDUWLFOHVL]HVRIDURXQG-300 nm during 
overaging heat treatment. 7KH YROXPH IUDFWLRQ RI WKH Ȗ¶ SUHFLpitates has not yet been measured precisely but is 
assumed to be between 10 to 20% according to respective literature [17-18]. In addition, the precipitation-free 
condition (Nimonic 75) shows the lowest vickers hardness (155 HV 30) because of the missing embedded Ȗ¶
particles in the austenitic fcc matrix. All hardness measurements (pa-, oa- and pf-condition) are in good agreement 
with the obtained results from tensile testing. Vickers hardness HV 30 of 8% prestrained specimens increased up to 
406 HV30 (pa-condition), to 325 HV 30 (oa-condition) and to 184 HV30 for the pf-condition due to the strain-
hardening (see also Fig. 1, giving detailed information about the changes in hardness due to isothermal fatigue 
testing in the chapter 3.1). 
VHCF experiments were performed using a resonance pulsating high-frequency test system (f = ca. 130 Hz), an 
ultrasonic fatigue testing machine (f = ca. 20 kHz) and a servohydraulic test system (f = 760 Hz) at RT. For the 
high-temperature fatigue tests the servohydraulic and the resonsance system were equipped with an induction high-
frequency heating. All tests with prestrained specimens were executed with the servohydraulic test system. More 
details on the experimental fatigue techniques and the preparation steps for TEM foils applied can be found in 
[10, 13, 19].  
The test matrix in Table 2 shows the different test parameters for the performed VHCF tests. All material 
FRQGLWLRQVZHUHWHVWHGDW57&&DQG&H[FHSWfor the pf-condition because of the limited number of 
specimens. Cyclic deformation curves, obtained by means of reference tests at low frequencies on a conventional 
servohydraulic testing machine, proved that transient behaviour commonly observed in LCF tests before a state of 
cyclic saturation is reached can be neglected for all test parameters because of the low stress amplitudes applied 
[13]. The global plastic strain amplitudes are neglilible in the VHCF regime for the given alloys.  
 
Table 2. VHCF test matrix for the three precipitation conditions including different test temperatures and degree of prestraining tot
 
 
RT & & & 
tot = 0, 4 & 8% tot = 0, 4 & 8% tot = 0, 4 & 8% tot = 0, 4 & 8% 
        Nimonic 80A (pa and oa) x x x x 
        Nimonic 75    (pf) x  x x 
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3. Results and discussion 
3.1. Effect of monotonic prestraining and high-temperature on the fatigue behaviour in the VHCF regime 
The main factors influencing the fatigue behaviour under the given testing conditions can be classified into three 
categories: 
- Microstructural changes such as change of dislocation density, recovery processes, particle coarsening 
or changes in dislocation slip character, 
- formation of local stress raisers such as surface roughening in consequence of a predeformation and
- ³HxWHUQDO´ HIIHFWV OHDGLQJ WRD FKDQJH LQ FUDFk growth in the early crack growth phase such as crack 
closure effects due to the formation of oxide layers [15]. 
The analysis of potential prehistory effects in isothermal VHCF tests enclose all of these factors and the major 
challenge lies in the identification of the major fatigue controlling effect in order to improve the prediction of 
lifetime in the VHCF regime under complex cyclic loading conditions and to contribute to an optimized application 
of pretreatment processes for nickel-based alloys in the overall manufacturing course of safety relevant structural 
parts.  
Preceding a detailed description of the VHCF behaviour for the test matrix given in Table 2, the change of 
Vickers hardness before and after prestraining as well as after fatigue testing at room temperature and at elevated 
temperatures is given in Fig. 1. Predeformation prior to fatigue testing leads to an increase in hardness thus 
indicating the expected strain hardening effects due to an increase in dislocation density, as will also be proven by 
the TEM micrographs shown in the relevant chapters. The highest predeformation effect before fatigue testing can 
be observed for Nimonic 80A in the peak-aged condition, whereas Nimonic 75 shows the least pronounced effect. 
As to the influence of an exposure to elevated temperatures during fatigue testing, the most pronounced effect can 
be found for the pa-condition, showing a strong decrease in hardness due to ¶ SDUWLFOH FRDUVHQLQJ and recovery 
processes. Again, the solid solution hardened Nimonic 75 seems to be the least affected by the elevated temperature 
testing. These microstructural effects will be considered in the course of the oncoming interpretation of the VHCF 
behaviour. 
   





400 fatigued       
predeformed   800°C     
predeformed    400 C     600 C          800 C     
pa-condition                                                                                      oa-condition                                                    pf-condition  
pa-condition oa-condition pf-condition   
[ tot in %]                                                          [ tot in %]                                                    [ tot in %]  
Fig. 1. Vickers hardness HV30 results in the gauge length DIWHUSUHGHIRUPDWLRQDW57DQGSUHGHIRUPDWLRQDQGVXEVHTXHQWF\FOLQJDW&-
&IRU the pa-, oa- and pf-condition 
3.1.1. Fatigue life curves and dislocation arrangement for the pa-condition (Nimonic 80A) 
The fatigue results of the pa-FRQGLWLRQ SORWWHG DV:|KOHU6-N plot (stress amplitude /2 versus log Nf ) are 
shown in Fig. 2 for RT and 800& (Fig. 2a) and for 400& DQG & (Fig. 2b) including non-predeformed and 
predeformed ( tot = 4% and 8%) specimens. The separation of the fatigue results into two separate S-N plots was 
solely chosen in order to improve the legibility of the fatigue results for the different testing conditions. Failure 
occurred for all non-prestrained and 8%-prestrained specimens beyond 107 cycles. After 5*108 cycles tests were 
stopped and specimens without visible crack initiation on the surface declared as run-outs.  
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$WLQWHUPHGLDWHWHPSHUDWXUHV&-&ZLWKRXWSUHVWUDLQLQJWKHIDWLJXHUHVXOWVDUHMXVWEHORZ&RULQ
WKHVFDWWHUEDQG&of the results at RT. In contrast, prestraining causes a decrease of the fatigue strength in the 
VHCF regime by 30-50 03DDW57DQG&, whereas at 600&WKHprehistory effect is negligibly small. Cycling 
DW & LQ WKH9+&) UHJLPH ILQDOO\ OHDGV WR IDLOXUH DW IDU ORZHU VWUHVV OHYHOV WKDQDW57Again, similar to the 
&WHVWLQJQRUHOHYDQWSUHKLVWRU\HIIHFWFDQEHIRXQGIRr the pa-condition.  
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Fig. 2. (a) Fatigue results of peak-DJHG1LPRQLF$ZLWKRXWDQGZLWKSUHVWUDLQLQJDW57DQG&; (b) fatigue results of peak-aged 
Nimonic $DW57ZLWKRXWSUHVWUDLQLQJPDUNHGDVJUD\FXUYHDQGDW&DQG&ZLWKRXWDQGZLWKSUHVWUDLQLQJ 
Fig. 3 and Fig. 4 show TEM micrographs of the dislocation arrangements found in the pa-condition after 





Fig. 3. TEM micrographs showing the dislocation arrangements of pa-condition after: (a) 8% predeformation at RT, (b) 8% predeformation at RT 
and subsequent VHCF test at RT ( /2 = 240 MPa, Nf = 2.4*10
7, f = 760 Hz) and (c) 8% predeformation at RT and subsequent VHCF test at 
& /2 = 220 MPa, Nf = 3.4*107, f = 760 Hz)  
 
 
      
Fig. 4. TEM micrographs showing the dislocation arrangement of pa-FRQGLWLRQDIWHUDDQGE9+&)WHVWDW& /2 = 220 MPa, 
Nf = 5.4*10
7, f = 760 Hz), (c) 4% predeformation at RT and VHCF test at 800 & /2 = 220 MPa, Nf = 2.7*107, f = 760 Hz) and (d) 8% 
predeformation at RT and VHCF test at 800 & /2 = 180 MPa, Nf = 3.5*107, f = 760 Hz) 
With regard to microstructural changes during VHCF testing, it can be stated that the predeformation induced 
high dislocation density (Fig. 3a) is stable up to an isothermal fatigue testinJRI&ZLWKGLVORFDWLRQVPDLQO\
arranged in slip bands running through the whole grain showing planar slip character (Fig. 3b and Fig. 3c). At 
600& D PRUH ZDY\ VOLS EHKDYLRXU LQFOXGLQJ 2URZDQ E\SDVVLQJ ZDV QRWLFHG IRU WKH SD-condition without 
predeformation (not illustrated). The predeformation-induced slip planes remain active but with a visible reduction 
125 nm 200 nm 250 nm 250 nm 
(a)   (b)    (c)    (d)     
500 nm 500 nm 500 nm 
(a)                    (b)           (c)    
(a)         (b) 
C. Sto¨cker et al. / Procedia Engineering 2 (2010) 1383–1392 1387
6 C. 6W|FNHUet al / Procedia Engineering 00 (2010) 000±000 
of dislocation density as a consequence of the beginning recovery of the dislocation arrangements DW & (as 
shown later in Fig. 6 c). The temperature dependence of the dislocation slip behaviour by means of thermal 
DFWLYDWLRQ LV PRVW SURQRXQFHG DW & Fig. 4 illustrates the effect of 4%- (Fig. 4c) and 8%-predeformation 
(Fig. 4d) on the dislocation arrangement of peak-aged Nimonic $DW&Particles surrounded by dislocation 
loops and diffusion controlled climb processes (Fig. 4a) were found in fatigued specimens without predeformation 
only in single grains due to the low stress amplitude during cycling in the VHCF range. Fig. 4b shows a curled 
dislocation line between the ¶SDUWLFOHVZKLFKDFWDVREVWDFOHVLQWKHPDWUL[ 
In addition to the microstructural effects related to the prestraining prior to fatigue testing, a pronounced surface 
roughening could be observed. The micronotches at the surface act as stress raisers and can lead to early crack 
initiation depending on the notch sensitivity of the different material conditions tested in this study. This effect is 
discussed in detail elsewhere [12, 13], nonetheless its significance for the given testing conditions have to be taken 
into account. 
$W&DGLVWLQFW ¶SDUWLFOHFRDUVHQLQJZDVREVHUYHG0RUHRYHUWKHIRUPDWLRQRIWKLQR[LGHOD\HUVFRXOGEH
GHWHFWHG GXULQJ IDWLJXH WHVWLQJ DW & DV ZHOO DV PRUH SURQRXQFHG DW & [15] and contributes to the 
complexity of acting damage mechanisms. For instance, the peak-aged ¶ SDUWLFOHV JUHZ IURP  nm after heat-
treatment up to ca. 100 nm after cycling in the VHCF regime. Hardness measurements performed in the gauge 
length after the VHCF experiments confirmed ¶SDUWLFOHJURZWKresulting in a measured Vickers hardness value of 
320 HV 30. 
Both the fatigue results as well as the microstructural analysis of the peak-aged Nimonic 80A show that no 
SURQRXQFHGSUHKLVWRU\HIIHFWFRXOGEHGHWHFWHGIRUWKLVFRQGLWLRQDWHOHYDWHGWHPSHUDWXUHV2QO\DW&DVOLJKW
change in fatigue life towards lower number of cycles until failure due to a predeformation is observable, which can 
mainly be attributed to the surface roughening induced by the prestrain, as at the same time no changes in the 
dislocation density and/or the slip character could be detected. 
3.1.2. Fatigue life curves and dislocation arrangement for the oa-condition (Nimonic 80A) 
In Fig. 5 the fatigue results for the oa-FRQGLWLRQDUHJLYHQIRU57DQG&Fig. 5a) and IRU&DQG&
(Fig. 5b) including non-predeformed and predeformed results. All documented S-N data points for 400-& and a 
prestrain of tot = 0% and 8% between /2 = 270 MPa and 290 MPa were stopped after 5*10
8-7*108 cycles and 
declared as run-outs if no crack initiation on the surface could be detected. 
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Fig. 5. (a) Fatigue results of overDJHG1LPRQLF$ZLWKRXWDQGZLWKSUHVWUDLQLQJDW57DQG&; (b) fatigue results of overaged Nimonic 80A 
DW57ZLWKRXWSUHVWUDLQLQJPDUNHGDVJUD\FXUYHDQGDW&DQG&ZLWKRXWDQGZLWKSUHVWUDLQLQJ 
As discussed in more detail in [14], the oa-condition without prestraining shows a slightly superior fatigue 
behaviour compared to the pa-condition DWWHPSHUDWXUHVXSWR&The predeformation-induced planar slip band 
density and hardness are slightly decreased after cycling at & (HV30 from 325 to 305, see Fig. 1) and are an 
indicator for beginning recovery processes. Due to these recovery processes as well as a slightly decreased notch 
sensitivity in comparison to pa-condition, no pre-strain history dependence can be observed for the oa-condition. 
(a)        (b) 
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Surprisingly, the applied stress amplitude increases about ca. 30-50 03D LQ IDWLJXH WHVWV DW & DIWHU -
predeformation while on the other hand (similar to the pa-condition) after 8%-predeformation no significant 
predeformation effect is visible as the other effects related to elevated temperature cycling mentioned earlier seem to 
prevail the fatigue strength. 
Fig. 6 compares the microstructures IRXQGDIWHUIDWLJXHWHVWLQJDW&with different degrees of predeformation. 
The dislocation arrangement DW&F\FOLQJ for the oa-condition without predeformation shows (Fig. 6a) a more 
wavy slip behaviour including Orowan passing. The planar character of slip bands after 8%-prestraining and 
subsequent cycling DW&remain active in addition to individually gliding dislocations in the pa- (Fig. 6c) and 
oa-condition. The planar slip band density is noticeably reduced. Prestraining of 4% and subsequent cycling at 
& OHDGV WRKRPRJHQHRXVO\GLVWULEXWHGand interacting dislocations as a consequence of pronounced recovery 
(Fig. 6b). This observed dislocation arrangement indicates that the degree of recovery is of significance to the 
fatigue behaviour because the highest applied stress amplitudes were achieved within these test parameters 
(T = & tot = 4%) beyond 107 cycles.  
Fig. 6. TEM micrographs showing the dislocation arrangement of oa-condition ((a) and (b)), and pa-FRQGLWLRQFDIWHUD9+&)WHVWDW&
( /2 = 350 MPa, Nf = 1.3*10
7, f = 760 Hz), (b) 4% predHIRUPDWLRQDW57DQG9+&)WHVWDW& /2 = 370 MPa, Nf = 2.3*108, f = 760 Hz) 
and (c) 8% predHIRUPDWLRQDW57DQG9+&)WHVWDW& /2 = 265 MPa, Nf = 4.1*107, f = 760 Hz) 
 
Again as in the pa-condition, DW&IDWLJXHdeformation without predeformation results in wavy slip in single 
grains including dislocation loops around ¶ particles and diffusion controlled climbing processes (Fig. 7a). 
Furthermore, no distinct ¶ particle coarsening and hardness reduction (see Fig. 1) ZDV REVHUYHG DW &. 4 %- 
(Fig. 7b) and 8%-predeformation (Fig. 7c) and subsequent cyclic loading exhibits, not only in single grains, 
homogeneously distributed dislocations promoting thermally activated climb processes with high dislocation 
density. The micrographs suggest that in the oa-condition no planar slip bands remain active due to the high degree 
of recovery in contrast to the pa-FRQGLWLRQDW& thus explaining the decrease in hardness (see Fig. 1). However, 









Fig. 7. TEM micrographs showing the dislocation arrangement of oa-FRQGLWLRQDIWHUD9+&)WHVWDW& /2 = 200 MPa, Nf = 9.5*107, 
f = 760 Hz), (b) 4% predHIRUPDWLRQDW57DQG9+&)WHVWDW& /2 = 220 MPa, Nf = 1.2*107, f = 760 Hz) and (c) 8% predeformation at RT 
DQG9+&)WHVWDW& /2 = 200 MPa, Nf = 2.1*107, f = 760 Hz) 
 
The obtained fatigue results of the oa-condition show, that an optimized pretreatment process can increase the 
lifetime in the VHCF regime under certain precipitation and environmental conditions in nickel-based superalloys. 
In order to increase the VHCF fatigue life in technical applications under intermediate isothermal service 
temperatures several aspects must be taken into account. Both the degree of predeformation (inducing strain 
hardening and surface roughening in the material at the same time) and the test temperature (determining the degree 
of recovery and the adjusted dislocation arrangement as well as the notch sensitivity) influence the fatigue behaviour 
in the VHCF regime with a slight dominance of the temperature effect. The mentioned microstructural effects 
250 nm 250 nm 250 nm 
(a)      (b)             (c) 
   
500 nm250 nm 250 nm 
(a)                    (b)                   (c) 
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³FRPSHWH´ with the developed oxide film during cycling at intermediate to high temperatures. The increased notch 
effect after predeformation is most likely FRPSHQVDWHGE\WKHWKLQR[LGHOD\HUDW& thus giving rise to a more 
pronounced prehistory effect due to the work hardening effect, thus increasing the resistance to crack initiation [20]. 
3.1.3. Fatigue life curves and dislocation arrangement for the pf-condition (Nimonic 75) 
For the pf-condition at RT (Fig. DDVZHOODVDW&)LJ 8b) no change in fatigue behaviour  can be found 
with respect to prior prestraining. AW&the fatigue behaviour is not as consistent. Compared to the RT results 
there is a strong decrease of stress amplitudes at high number of cycles (Fig. 8a) for the 8%-predeformed as well as 
undeformed samples. In contrast, a 4%-prestraining leads to a slight increase in lifetime DW&.  
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Fig. 8. (a) FDWLJXHUHVXOWVRI1LPRQLFZLWKRXWDQGZLWKSUHVWUDLQLQJDW57DQG&; (b) fatigue results of Nimonic 75 at RT (without 
SUHVWUDLQLQJPDUNHGDVJUD\FXUYHDQG&ZLWKRXWDQGZLWKSUHVWUDLQLQJ 
The dislocation glide during cyclic loading in the VHCF regime without plastic predeformation is mainly 
restricted to single active slip planes (Fig. 9a) located in isolated grains with high Schmid factor [21]. The main 
effects of strain hardening seem to be a considerable increase of the dislocation density in planar slip bands 
(Fig. 9b). As already pointed out for Nimonic 80A, a more wavy slip of higher dislocation density in local grains 
RFFXUUHG DW & ZLWKRXW SUHVWUDLQLQJ )LJ 9c) and a reduced density of planar slip planes in predeformed 
specimens is visible due to the beginning of recovery processes (Fig. 9d). Between the slip bands individually 
gliding large dislocation lines were found, showing some kind of bowed structure. 
    
Fig. 9. TEM micrographs showing the dislocation arrangement of pf-condition after: (a) VHCF test at RT ( /2 = 260 MPa, Nf = 1.6*10
7, 
f = 760 Hz), (b) 8% predeformation at RT and VHCF test at RT ( /2 = 225  MPa, Nf = 3.4*10
8, f = 760 Hz), F9+&)WHVWDW&
( /2 = 240 MPa, Nrun-out = 3.2*10
8, f = 760 Hz) and (d) 8% predHIRUPDWLRQDW57DQG9+&)WHVWDW& /2 = 240 MPa, Nf = 3.1*108, 
f = 760 Hz) 
The typical dislocation arrangements after fatigue loading DW & are shown in Figure 10. Without 
predeformation (Fig. 10a) a pronounced wavy slip behaviour with very long dislocation lines could be observed. 
4%-predeformation (Fig. 10b) results in interacting homogeneous distributed dislocations whereas the slip bands 
formed due to plastic predeformation are recovered. This recovery kinetics lead to a more homogeneous slip 
behaviour resulting in a slightly higher fatigue strength. The 8%-predeformed (Fig. 10c) specimens revealed isolated 
250 nm 250 nm 250 nm 250 nm 
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planar active single slip bands comparable to the dislocation structures of the samples without predeformation and 
thus showing a remarkable change in dislocation density and structure compared to 4% prestrain. Not surprisingly, 








         
Fig. 10. TEM micrographs showing the dislocation arrangement of pf-condition after: (a) VHCF test at & /2 = 100 MPa, Nf = 6.3*107, 
f = 760 Hz), (b) 4%-predHIRUPDWLRQDW57DQG9+&)WHVWDW& /2 = 100 MPa, Nf = 2.9*108, f = 760 Hz and (c) 8%-predeformation at RT 
DQG9+&)WHVWDW& /2 = 100 MPa, Nf = 2.1*107, f = 760 Hz) 
It can be stated, that a pretreatment does not affect the VHCF-behaviour in the temperature field of technical 
applications (up to & for the single-phase alloy Nimonic 75. At elevated temperatures & a slight 
increased fatigue life was observed after 4%-predeformation. However it should be pointed out that at 800C on the 
one hand the oxide film becomes thicker (and more brittle), thus leading to an earlier crack initiation and on the 
other hand material parameters such as static strength and elastic modulus decrease significantly.  
3.2. Factors influencing the fatigue behaviour in the VHCF regime 
The reported results clearly show the complexity of the prehistory dependence of wrought nickel-based 
superalloys in the VHCF regime, which results from the competing effects of isothermal test temperature (RT-
&), precipitation condition, degree of predeformation and recovery and formation of oxide layers. Prestraining 
before cycling already reduces the fatigue behaviour at RT with increasing ¶ hardening. In the VHCF regime the 
4%-prestrained overaged specimens shows the highest VHCF fatigue resistence ( /2 = 370 MPa) DW&for all 
VHCF tests performed. The observed recovered dislocation arrangement is relatively stable and can accommodate 
higher amounts of cyclic plastic deformation. This was demonstrated by TEM micrographs and hardness 
measurements. Further tests with lower degrees of predeformation (e.g. tot = 1% and 2%) would be interesting so as 
to gain more insight into the transition from stable to unstable dislocation structures at elevated temperatures. 
4. Conclusions 
In the present study the fatigue behaviour in the VHCF regime of two nickel-based superalloys in three 
precipitation (pa, oa and pf) and predeformation conditions ( tot = 0%, 4% and 8%) were characterised by means of 
cyclic testing at isothermal conditions between RT and 800 & and extensive TEM analysis. The results can be 
summarised as follows: 
 In the VHCF regime no significant influence of the test temperature (up to 6&FDQEHREVHUYHGfor 
specimens without predeformation regarding all precipitation conditions (pa, oa and pf) despite of a 
change from planar to wavy slip behaviour in single grains. 
 The effect of predeformation on cyclic life in the VHCF regime was found to be mainly determined by 
the precipitation condition, degree of predeformation and consequential surface roughening. At elevated 
test temperatures the formation of oxide layers as competing effect to the above mentioned prestraining 
severly increases the complexity of damage mechanisms. 
 A negative effect of the prior load history on the cyclic life was observed at RT and can be attributed to 
surface roughening in combination with higher notch sensitivities. This effect decreases with increasing 
temperDWXUH XS WR & and decreasing ¶ KDUGHQLQJ RI 1LPRQLF 80A. Nimonic 75 (pf-condition) 
shows no significant pre-VWUDLQKLVWRU\XSWR&GXHWRWKHstill rather high ductility after prestraining. 
 It was observed WKDWDW&DOOVSHFLPHQVIDLOHGIDUbelow the fatigue life (RT-& in the VHCF 
regime regardless of the precipitation condition and degree of prestraining. 
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 A monotonic predeformation can improve fatigue life in the VHCF regime if the interaction of 
temperature and degree of recovery of the dislocation arrangement after predeformation results in a 
more homogeneous slip distribution. That can be explained by the interaction between the recovered 
dislocation slip bands in combination with a transition from planar to wavy slip mode. The oa-condition 
VKRZV WKLV EHKDYLRXU DW & DQG WKH SI-FRQGLWLRQ DW & WHVW WHPSHUDWXUH ERWK DIWHU 
predeformation. 
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